INTRODUCTION
============

All-ceramic restorations have high esthetic performance and excellent biocompatible properties and because of these characteristics are used more than before.[@B1]-[@B3] Recently, high-strength zirconium oxide ceramics (Zirconia) are used because of their chemical stability, physical and mechanical charactristics and using of new technologies (CAD/CAM) for fabricating a substructure for all-ceramic restorations.[@B4]-[@B6]

For esthetical reasons, appropriate veneering ceramic can be veneered onto zirconia core by either a hand-layered powder build-up or a pressed technique.[@B7] However, to-date hand-layering technique is more common.[@B8] Delamination of veneering porcelain in zirconia-based restorations or \"Chipping\" is described to be the most frequent failure reason[@B3],[@B6],[@B9]-[@B14] with a rate of 15% after 24 months,[@B15] 25% after 31 months[@B16] and 13% after 38 months.[@B11] It is reported the chipping is multi-factorial.[@B17] Porcelain chipping may be caused by insufficient bond strength,[@B18] excessive tensile stress due to a thermal mismatch between veneering porcelain and underlying framework,[@B19] firing shrinkage of ceramic,[@B20] the framework/veneer thickness ratio,[@B14] restoration geometry and inadequate framework design.[@B11] Furthermore, some failure factors of the veneering ceramic are magnitude, direction and frequency of the applied load and the location of occlusal contact areas.[@B6],[@B16],[@B21] Although, Manicone et al.[@B20] did not detect any differences between chipping failure of veneered zirconia specimens and porcelain fused to metal (PFM) specimens, but one of the weakest aspects of these restorations is the bonding between veneering ceramic and zirconia core.[@B10],[@B22]

There is a little information about the bond quality between veneering ceramic and zirconia core.[@B6],[@B8],[@B14],[@B19],[@B23],[@B24] It has been stated that the success of all of veneer/core bilayer restorations depends on the mechanical adhesion between veneering ceramic and zirconia core.[@B16] The core-veneer bonding strength may be affected by different factors such as mechanical retention due to the surface roughness of the core, mismatch in thermal expansion coefficient (TEC) of the core and veneer ceramics and its resulting pre-stresses, transformation of zirconia crystals at core-veneer interface due to thermal influences or stress loading (interface toughness), structure defects or flaws developments at the interface between zirconia core and veneering ceramic and wetting properties and firing shrinkage of the veneering ceramics.[@B25]-[@B28]

It was reported that the bonding strength and the mode of failure were significantly affected by some surface treatments such as air-borne particle abrasion or use of liner material, and type of zirconia framework material.[@B6],[@B14],[@B22],[@B24],[@B26],[@B29] However, bonding mechanisms and the effect of different surface treatments on the bond strength of veneering ceramics to zirconia core are unclear.[@B24]

Yttrium-stabilized zirconia (Y-TZP), also known as tetragonal zirconia polycrystal (TZP) is a polymorphic material with three different allotropes (M, T and C).[@B30] Inserting force on its surface can lead to transition between its different crystalline reticulations that produces a volumetric change and creates compressive stresses that seals the crack.[@B5],[@B20] This is the reason why zirconia toughened ceramics exhibit relatively high fracture toughness compared to conventional brittle ceramics.[@B31] The process of fabricating all-ceramic restorations include some steps involving surface modifications such as grinding, polishing and air-borne particle abrasion. The exact influence of such steps on the bond strength of different veneering ceramics to zirconia core material is not understood. On the other hand, there are various commercially available zirconia core materials with different fabrication procedures. Thus, each manufacturer recommends various surface treatments.[@B29] It is stated that for inducing the T→M transformation, the hand grinding is more effective than lapper-machine grinding, and air-borne particle abrasion is more effective than grinding.[@B5] But some authors stated that the locally developed temperature in grinding may have exceeded the T→M transformation temperature.[@B31] Air-borne particle abrasion is a process that can induce transformation without developing high temperatures or creating severe surface damage.[@B5],[@B6],[@B14] However, air-borne particle abrasion can initiate some surface defects and compromise the mechanical strength of the ceramic.[@B32],[@B33] Fischer et al.[@B24],[@B34] stated that airborne-particle abrasion cannot be consider as a necessary surface pretreatment to enhance bond strength. Although it has been said that liner-applied zirconia specimens had higher bond strength than specimens prepared with other surface treatments, but there are also reports about weakening the bond strength due to liner application.[@B25],[@B34]

The purpose of this study was to evaluate the effect of different surface treatments and type of zirconia (white or colored) on the shear bond strength of one commercial zirconia core ceramic and its veneering ceramic. Fractured surfaces were microscopically analyzed to determine the characteristics of bond failure.

The first null hypothesis to be tested was that the type of zirconia (white or colored) does not have any effect on the shear bond strength between zirconia core and veneering ceramic; and the second null hypothesis was that the surface treatments do not have any effect on the shear bond strength between zirconia core and veneering ceramic.

MATERIALS AND METHODS
=====================

Preparation of specimens
------------------------

The materials tested and their properties were listed in [Table 1](#T1){ref-type="table"}. Eighty zirconia ceramic disks (10 mm diameter, 4 mm thick) were made from Cercon Base ceramic (DeguDent, Hanau, Germany) and divided into two groups of 40 disks according to their color shade \[White and Colored (Ivory)\]. All the disks were sintered to full density in the Cercon Heat furnace (6 hours at 1350℃). For each zirconia color shade, the disk specimens were divided into four subgroups (n=10):

Group 1 (\"as milled\"): This group (Control) had received no treatment after milling.

Group 2 (Ground): The specimen in this group were ground under water-spray jet incorporated in the hand-piece with a nominally 90 µm grit bur (Komet, Salzburg, Austria) to provide a gentle grinding regime. The surface grinding regimes were carried out using a W&H Synea TA-98 hand-piece (W&H Dentalwerk Bürmoos GmbH, Bürmoos, Austria) at the maximum revolutions/min (200,000 rpm) to ensure a consistent grinding speed. A \'gentle stroking motion\' was employed to grind the specimen surface with minimal pressure. high stress concentration. The burs were replaced after grinding of every five specimen to maintain a consistent amount of grit. The hand-piece water-spray was run for 30s prior to grinding to avoid oil leakage and ensure the bur was seated correctly.

Group 3 (Air-borne particle abrasion): The specimens were mounted in a special sample holder at a distance of 15 mm between the surface of the sample and the tip of the airborne particle abrasion unit and then air-borne particle abraded (Kavo EWL, Type 5423, Biberach, Germany) with 110 µm Al~2~O~3~ at a pressure of 3.5 bars for a period of 5s.

Group 4 (Liner): The specimens in this group were airborne particle abraded as in group 3 and then the liner material (Cercon Ceram Kiss Liner) was applied using a glass ball to create an even well condensed layer.[@B26] The liner was fired independently according to the manufacturer\'s instructions.

All of surface treatments were conducted only on the surface of the specimens that would have been subjected to tensile stress during strength testing. Finally, the disk specimens were ultrasonically cleaned in distilled water at room temperature for 15 minutes and then steam-cleaned and air-dried.

Layering technique
------------------

The prepared zirconia discs were placed in an adjustable Plexiglas mold ([Fig. 1](#F1){ref-type="fig"}) where a space with 5 mm diameter and 3 mm height was available above the core material for condensing the veneering ceramic. The veneering ceramic powder (Cercon Ceram Kiss dentin, DeguDent) was mixed with an appropriate amount of the respective liquid according to the manufacturer\'s instructions and the obtained slurry was plotted with absorbent paper to draw excess water. The mold was filled and ultrasonically condensed. Layered zirconia discs were fired according to the firing program of the manufacturer ([Table 2](#T2){ref-type="table"}) in a firing furnace (Programat P300, Ivoclar Vivadent AG, Schaan, Liechtenstein). To compensate for the porcelain shrinkage during the sintering process, two separate firings with the same conditions were required to establish the correct diameter and thickness ([Fig. 1](#F1){ref-type="fig"}).

After surface examinations with a magnifying glass (2 ×), specimens displaying visible defects were replaced.

The final dimensions were obtained by calculating the average of three measurements for each dimension. A digital micrometer (Absolute 500, Kitutoyo, Aura, IL, USA) was used for the measurements and disc dimensions were recorded.

According to Guess et al.[@B17] all of the specimens were subjected to thermocycling for 20,000 cycles at temperatures alternating between 5 and 55℃.

Shear bond strength (SBS) test
------------------------------

By means of a surveyor, each specimen was embedded in a mounting jig using PMMA resin (Meliodent, Heraeus Kulzer GmbH, Hanau, Germany) with the core-veneer interface positioned at the top level of the jig and then shear force was applied as close as possible to the veneer-core interface at a crosshead speed of 1 mm/min using a universal testing machine (TLCLO, Dartec Ltd., Stourbridge, England) until fracture occurred. The ultimate load to failure was recorded in Newton (N) and then was calculated with suitable mathematical method to express the bond strength in MPa.

Fracture surface analysis
-------------------------

The fractured surfaces were visually analyzed with a stereomicroscope (MBC-10, St. Petersburg, Russia; 20× magnifications) to determine the failure modes of specimens. Failure modes were classified as follows:

Group C: Cohesive fracture within the zirconia core,

Group V: Cohesive fracture within the veneer ceramic,

Group I: Adhesive fracture between the core and veneer, and

Group Group V/I: A combination of both fractures that begin at the zirconia-ceramic interface and proceeded into the veneering ceramic.

Statistical analysis
--------------------

The collected data were analyzed using a statistical software (SPSS ver 16.0, SPSS Inc., Chicago, IL, USA) using one and two way analysis of variance (ANOVA) and Tukey\'s HSD (Honestly Significant Difference) test at *P*\<.05 level of significance.

Scanning electron microscopy (SEM) evaluation
---------------------------------------------

One fractured veneer-zirconia disc from each experimental group was rinsed with 96% ethanol and air-dried, mounted on metallic stubs, Carbon coated (CS300; Dynavac, Sydney, Australia) and evaluated under a SEM (LEO 440, LEO Electron Microscopy Ltd, Cambridge, England) at different magnifications to assess the surface topography.

RESULTS
=======

Shear bond strength
-------------------

The results of the shear bond strength tests of the core-veneer interface of tested zirconia ceramics and different surface treatments are presented in [Table 3](#T3){ref-type="table"}. [Table 4](#T4){ref-type="table"} summarizes the statistical analysis results on the effects of zirconia, surface treatments, and their interaction on SBS. The two-way ANOVA revealed that different types of zirconia ceramics (*P*=.462) had no significant effect on SBS, but different surface modification techniques (*P*=.005) and interaction between the type of zirconia and surface treatment (*P*=.018) had a significant effect on SBS. Further, Tukey\'s HSD test showed that there were significant difference only between \"as milled\" and ground groups (*P*=.005) and other groups had no significant differences.

For all the four types of surface treatments within each zirconia group, their SBS differences were analyzed with one-way ANOVA. Within colored zirconia group, there were no significant differences in mean SBS among the four surface treatment subgroups (*P*=.183) ([Table 5](#T5){ref-type="table"}). In white zirconia group, there were significant differences in mean SBS among the four surface treatment ceramics (*P*=.001) ([Table 6](#T6){ref-type="table"}). In particular, ground group exhibited a significantly lower SBS value than \"as milled\" (*P*=.001) and liner (*P*=.05) groups ([Table 7](#T7){ref-type="table"}).

Fracture modes
--------------

The results of fracture mode after shear bond testing as observed with a stereomicroscope (MBC-10, St. Petersburg, Russia; ×20 magnifications) are summarized in [Table 8](#T8){ref-type="table"}. None of the test groups demonstrated cohesive failure within the zirconia core material. Most of the specimens demonstrated a combination of cohesive and adhesive fracture modes especially in colored zirconia group.

DISCUSSION
==========

Based on the results of this *in vitro* study, the first null hypothesis was accepted for two types of zirconia (white or colored). However, the second null hypothesis that the surface treatments do not have any effects on the shear bond strength of zirconia core and veneering ceramic was rejected.

Different test methods (shear test, three/four point flexure, and biaxial flexure strength test) have been used to evaluate core-veneer bond strength. Estimating the bond strength values from these tests was very complicated due to the structural damage associated with the testing method and with the fracture mechanism.[@B27] Using the SBS test to determine the core veneer bond strength resulted in more standardized data, because the applied forces are perpendicular to the bonding area, and the small cross-sectional area of the bonded surface eliminates incorporation of structural flaws, which significantly affect test readings.[@B25],[@B27] However, development of a stricter standardized method is necessary to obtain clinically valuable data.[@B35]

The mean shear strength in as milled (control) groups were about 25-30 MPa that was in the same level as reported by Al-Dohan et al.[@B35] (22-31 MPa) and Fischer et al.[@B36] (21-31 MPa). But in Ozkurt et al. study[@B22] mean shear strength for Cercon group was about 20.19 ± 5.12 MPa that is less than mean shear strength for Cercon specimens in our study. These differences in bond strengths between these studies may be due to the use of different study methods and/or conditions. Aboushelib et al.[@B29] reported bond strength value of 37.9 ± 5.1 MPa between the Cercon framework and Cercon Ceram Express (press-on veneering ceramic), which was higher than other studies that were done with Cercon Ceram veneering ceramic. This difference is attributed to the use of press-on veneering ceramic versus the layering veneer ceramic.[@B29]

Ozkurt et al.[@B22] stated that the bonding of manufacturer-recommended veneering ceramic to the zirconia framework differed according to zirconia type but they concluded that zirconia type was not a decisive factor in the fracture pattern. Aboushelib et al.[@B29] concluded that the bonding strength between core and veneering ceramic is affected by the type of zirconia core material. They concluded that mean SBS value in colored zirconia group is lower than white zirconia group. They stated that the addition of coloring pigments to zirconia cores resulted in structural changes that require different surface treatment before veneering. In the present study there was no significant difference between two types of used zirconia (white and colored), but the mean SBS value of the colored zirconia was lower ([Table 3](#T3){ref-type="table"}). Color pigments in zirconia frameworks cause structural changes that affect the core-veneer bond strength[@B29] due to increased concentration of these pigments at grain boundaries and reducing the percentage of the stabilizing elements.[@B37] This would increased percentage of tetragonalmonoclinic transformation on the framework surface and would result in grain pullout and surface lifts and producing the surface characteristics of the colored frameworks.[@B38] It is suggested that this finding can be due to this fact that the melting point of the main coloring pigment (ferric-oxide) is much lower than the melting point of yttrium and hafnium oxides. This would result in competitive displacement of the stabilizing elements by the metallic pigments which can occur during the zirconia sintering.[@B29]

It is described that a fatigue process can be started in some surface areas, leading to monoclinic spots, resulting in microcracking and surface lifts.[@B29] However, it is claimed that for Cercon, the coloring pigments are added before iso-statically pressing the milling blocks, which guarantees homogenous and equal distribution of the pigments.[@B29] Coloring of zirconia frameworks can be made by different techniques, such as adding metallic pigments to the zirconia milling blocks, dipping the milled frameworks in the coloring agents, or application of liner material to the sintered white cores.[@B25] Veneer thickness required to mask the underlying framework can be reduced by using colored zirconia cores. Another advantage of colored zirconia cores is eliminating masking liner material, which is applied before layering the veneer ceramic.[@B29] It is proven that using liner material decreases the zirconia-veneer bond strength.[@B26],[@B39] In the present study, liner application reduced the mean SBS in white zirconia group but increased it in colored zirconia group ([Fig. 2](#F2){ref-type="fig"}). However, these values were not significantly different from \"as milled\" groups in both types of zirconia. This was similar to results achieved by Aboushelib et al.[@B29] So it can be concluded that in the case of white zirconia cores, liner application decreases bond strength between core and veneering ceramic and increases the percentage of interfacial failure. Kim et al.[@B6] stated that the liner application significantly decreases the shear bond strength compared to airborne-particle abrasion. Tinschert et al.[@B40] stated that, the liner application can significantly weaken the bond strength and increase the percentage of interfacial failure between zirconia core and pressable veneer ceramics.

The bonding nature between the liner and zirconia may be mechanical or chemical.[@B6] However, it has been said that the liner material should be air-abraded to reduce chipping of the veneering ceramic.[@B26]

Air-borne particle abrasion was found to decrease the percentage of interfacial failure pattern[@B25] because it is able to induce transformation without developing high temperatures or creating severe surface damage.[@B5],[@B14],[@B41] However, air-borne particle abrasion might compromise the mechanical strength of the ceramic by initiating surface defects that can become stress concentration sources, leading to failure.[@B32],[@B33],[@B39] Kosmac et al.[@B31] concluded that air-borne particle abrasion is a gentle process that removes considerably less material from the surface. In spite of lower stresses occurring during air-borne particle abrasion, the thickness of the transformed surface layer was found to be larger than in ground samples, indicating that not only stresses, but also the locally developed temperatures during air-borne particle abrasion were lower. However, Guess et al.[@B17] concluded that surface roughening with 110 µm Al~2~O~3~ (2.4 bar) air-borne particle abrasion had no significant effect on the bond strength between core and veneering ceramic. However, Aboushelib et al.[@B29] said that the coreveneer bond strength is affected by surface finish of zirconia core material.

In contrast to the assumption that a rougher surface provides higher bond strength due to a larger surface area for bonding[@B24] the results of the present study showed that surface grinding have a counteracting effect on the shear bond strength, especially in white zirconia group (significant lower SBS value than \"as milled\" (*P*=.001) and liner (*P*=.05) groups). It has been said that grinding can develop high stresses and form severe surface cracks which can lower the strength and reliability of the material.[@B31] The ground surface is characterized by deformed and displaced material at the edge of the scratches, large defects unevenly distributed and micro-cracks ([Fig. 3](#F3){ref-type="fig"}). It is stated that hand grinding is more effective than lapper-machine grinding, and air-borne particle abrasion is more effective than grinding in inducing the T→M transformation.[@B5] But some authors stated that the locally developed temperature in grinding may have exceeded this transformation temperature.[@B31] Kosmac et al.[@B31] stated that air-borne particle abrasion can produces the highest amount of the monoclinic phase and the lowest amount of the monoclinic phase can be obtained after grinding procedure. They concluded that air-borne particle abrasion may be considered as a powerful clinical technique for strengthening Y-TZP. In contrast, grinding may decrease the strength and reliability of prefabricated zirconia elements. According to Kim et al. observations,[@B6] air-borne particle abrasion increases surface roughness and contact surface area and can decrease the percentage of interfacial failure of zirconia and veneering ceramic.

The fracture pattern of the veneer specimens was mainly combined as adhesive at the interface and cohesive in the veneering ceramic ([Table 8](#T8){ref-type="table"}). These failure modes are comparable to the results of other laboratory studies.[@B17],[@B22],[@B26],[@B35] Guess et al.[@B17] interpreted this finding in two ways: First, crack deflection could be an excellent property of Y-TZP to resist crack propagation. Second, the inter-laminar crack deflection could be related to the poor bonding strength between zirconia and veneering ceramic. They concluded that the chipping of the veneering ceramic is happened more than failure of the core structure in zirconia based restorations. It can be related to the weaker interfacial adhesion and the greater fracture toughness of zirconia that can stop, turn and propagate the cracks along the interface.[@B22]

A limitation of this study is that the design and dimensions of the specimens does not fully reflect the clinical situation. Another limitation of this study was using static test in a dry environment that cannot compare it with actual oral environment, which would undergo repeated temperature and pH changes.[@B42] In routine laboratory procedures, layering and firing processes of porcelain are repeated more than *in vitro* studies. The contraction and expansion that occurs with these repeated procedures result in variable bonding strength.[@B6]

CONCLUSION
==========

Within the limitations of this *in vitro* study, the following conclusions are made:

1\. Type of zirconia does not have any effect on bond strength between zirconia core and veneer ceramic.

2\. Surface treatment has different effects on the SBS of the different zirconia types.

3\. Grinding dramatically decreases the SBS of white zirconia and veneering porcelain.

Predominant failure modes between zirconia core and the veneer were combined and adhesive failures.

![Adjustable Plexiglas mold for condensing the veneering ceramic and prepared specimens for SBS test.](jap-3-221-g001){#F1}

![SEM micrographs of liner application subgroup in colored zirconia group after shear bond strength testing (original magnification × 1000).](jap-3-221-g002){#F2}

![SEM micrographs of ground subgroup in white zirconia group after shear bond strength testing (original magnification × 1000).](jap-3-221-g003){#F3}
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Brand, composition & manufacturers of materials used in this study
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Recommended cycles for liner and porcelain firing
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Mean SBS (MPa) for all the tested zirconia ceramics and different surface treatments
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Two-way ANOVA results on the effects of zirconia, surface treatments, and their interaction on shear bond strength
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a\. R Squared =.255 (Adjusted R Squared =.186)
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One-way ANOVA results on the shear bond strength values of colored zirconia with the veneering ceramics with different surface treatments
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###### 

One-way ANOVA results on the shear bond strength values of white zirconia with the veneering ceramics with different surface treatments
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###### 

Post hoc test (Tukey\'s HSD) for White zirconia group
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Failure modes in percentage (%)
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C: Cohesive fracture within the zirconia core, V: Cohesive fracture within the veneer ceramic, I: Adhesive fracture between the core and veneer, and V/I: A combination of both fractures.
